Being invoked as one of the candidate mechanisms for the latitudinal patterns in biodiversity, Janzen's hypothesis states that the limited seasonal temperature variation in the tropics generates greater temperature stratification across elevations, which makes tropical species adapted to narrower ranges of temperatures and have lower effective dispersal across elevations than species in temperate regions. Numerous empirical studies have documented latitudinal patterns in species elevational ranges and thermal niche breadths that are consistent with the hypothesis, but the theoretical underpinnings remain unclear. This study presents the first mathematical model to examine the evolutionary processes that could back up Janzen's hypothesis and assess the effectiveness of limited seasonal temperature variation to promote speciation along elevation in the tropics. Results suggest that trade-offs in thermal tolerances provide a mechanism for Janzen's hypothesis. Limited seasonal temperature variation promotes gradient speciation not due to the reduction in gene flow that is associated with narrow thermal niche, but due to the pleiotropic effects of more stable divergent selection of thermal tolerance on the evolution of reproductive incompatibility. The proposed modelling approach also provides a potential way to test a speciation model against genetic data.
Introduction
In 1967, Daniel Janzen [1] published an influential paper titled 'Why mountain passes are higher in the tropics'. The paper developed a verbal model predicting that the limited seasonal temperature variation in the tropics reduces overlap in thermal regimes between low and high elevations. The greater temperature stratification across elevational gradients in the tropics then makes tropical species more likely to be acclimated or adapted to narrower ranges of temperatures than species in temperate regions. Given this hypothesis, mountain passes should be more effective barriers to dispersal (hence 'higher') in the tropics, because species adapted to a narrow range of temperatures at one elevation have low fitness when moving to another elevation. Reduced effective dispersal across elevations is expected to limit the elevational ranges of tropical species [2] and promote speciation along mountain slopes in the tropics [3] . Based on these two expectations, Janzen's hypothesis has been invoked to explain many patterns, including differences in how species arise in tropical versus temperature regions [4] , the latitudinal gradient in species diversity [5] and latitudinal patterns in range sizes (i.e. Rapoport's rule) [6] .
Numerous studies have documented latitudinal patterns in species' thermal niche breadth, elevational ranges and speciation rate that are consistent with corollaries of Janzen's hypothesis [7] , but conflicting patterns have also been found. Physiological studies often support the assertion that tropical species tolerate a narrower range of temperatures than temperate species [8] [9] [10] [11] . Some studies on species distribution show that tropical species tend to occur in narrower & 2016 The Author(s) Published by the Royal Society. All rights reserved.
ranges of temperature conditions than temperate species [4, [12] [13] [14] , but not others [15, 16] . Similarly, some studies show that tropical species tend to have narrower elevational ranges than temperate species [2] , whereas others do not [4, 12, 13, 15] . Inferences on speciation rate in the tropics versus temperature regions are also mixed [5] , with some supporting higher speciation rate in the tropics [17] [18] [19] and others suggesting no difference in speciation rate [20] [21] [22] [23] .
But while some empirical studies support Janzen's hypothesis, the theoretical underpinnings of the hypothesis remain unclear. A critical assumption of Janzen's hypothesis is that tropical species 'living within the relatively uniform tropical temperature regimes' will be 'adapted to a narrower absolute range of temperatures' [1, p. 77 ] than species in temperate regions [7] . Janzen described the assumption as a 'reasonable' physiological response to fluctuating temperature, but he did not state explicitly how the physiological response actually works. It is also unclear whether the assumption concerns individual thermal niches or species thermal niches. These are two distinct types of thermal niches, but Janzen's hypothesis implicitly equates them [14] . Individual thermal niche breadth is the range of temperatures that an individual can tolerate. Species thermal niche breadth is the range of temperatures for which the species can maintain a sustainable population size. Species niche breadth is larger than individual niche breadth when individuals at different elevations have divergent thermal niches, such that individuals at high elevations tolerate lower temperatures than individuals at low elevations and vice versa. It is important to distinguish the two types of thermal niche breadth for two reasons. First, empirical studies measure different niche breadths. While physiological studies often measure thermal tolerance of individual(s), studies of species distribution measure realized species niche breadth. Second, individual and species thermal niche breadth are influenced by different factors, so they could have undergone different evolutionary processes.
Two processes have been frequently suggested to limit individual niche breadths [24, 25] . One process involves trade-offs, by which a generalist is able to tolerate different environmental conditions at the cost of never reaching peak performance under any specific condition. The involvement of trade-offs can theoretically result in narrower individual niche breadth under more constant environmental conditions over time [26] , because the individual does not need to cope with different temperatures and so it can reach peak performance by reducing thermal niche breadth. The other process does not involve trade-offs, but focuses on the demography of selection; that is, how adaptation in heterogeneous habitats is influenced by different population abundance in these habitats [27 -29] . Individuals in an unsuitable habitat are selected for wider individual niche breadth. But migrants from a suitable habitat may outnumber individuals in the unsuitable habitat if population abundance is much larger in the suitable habitat than the unsuitable habitat. As a result, alleles for wider individual niche breadth never get fixed in the unsuitable habitat and so individual niche breadths remain narrow. The first aim of this study is to extend these previous studies to understand how individual thermal niche breadths evolve along elevational gradients under seasonal variations in the temperature.
The above processes could also limit species niche breadths, if niche divergence is negligible among individuals at different elevations. Alternatively, there are two lineage-level processes that may drive the evolution of narrow species niches. One process, proposed by Whitlock [30] , predicts that species with narrow niches will increase fitness faster than species with wide niches under constant environmental conditions, so that the former competes out the latter. Consequently, the continuing process can cause narrow species thermal niches under limited seasonal temperature variation. The other process is gradient speciation along elevations. Janzen's hypothesis predicts that tropical species with narrow thermal niches have low effective dispersal across elevations [7] . If this prediction concerns individual thermal niche, we would expect reduced gene flow across elevations within the species elevational distribution under limited seasonal temperature variation. Mathematical models have consistently suggested that limited gene flow promotes speciation along environmental gradients [31] [32] [33] [34] [35] . One consequence of gradient speciation is that a single species with a wide species thermal niche is split into two species, each adapted to temperatures at different elevations and having a narrower species thermal niche than the former. This leads to narrow species thermal niches under limited seasonal temperature variation.
However, it is not yet clear how much decrease in gene flow could be caused by the evolution of narrow individual thermal niches and whether this amount of reduction can promote gradient speciation under seasonal variations in temperature. Limited seasonal temperature variation could also promote gradient speciation by exerting more stable divergence selection on populations at low versus high elevations, promoting their adaptations to different temperature stratifications and promoting speciation if genes underlying thermal tolerance have pleiotropic effects on reproductive incompatibility. To thoroughly investigate the impact of temperature seasonal variation on gradient speciation, we need a model that could link biological processes on different levels, from the physiological and population-level processes that drive the evolution of individual thermal niches, to the lineage-level processes that drive the evolution of species thermal niches, which then facilitate the spread of species distribution and influence macroevolutionary patterns of biodiversity. Janzen's hypothesis proposes a nice link, so the second aim of this study is to present the first comprehensive mathematical model for Janzen's hypothesis. The model accounts for seasonal variation in temperatures, population expansion along elevational gradients, the evolution of thermal tolerances both within and among elevations, and the elevational clines in haplotypes that cause reproductive incompatibility. The model also develops an approach that can infer the likelihood of haplotype distribution along environmental gradients, which has the potential to test a gradient speciation model against genetic data.
Model description (a) Climatic background
The model starts with a population that is initially located at intermediate elevations and subsequently spreads up and down into new locations along a mountain slope, on which no competing species are present. Temperature changes continuously as a function of elevations:
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Dtemperature ¼ 6sin(a)Dx [35] , where sin(a) is the slope of the mountain. I set no limit on mountain height, so that species' elevational ranges are only determined by their thermal tolerances. Seasonal variation in temperature within each elevation is modelled as a sine wave with a 1 yr period. The amplitude of the sine wave is kept constant across different elevations [36] and is referred as 'seasonality' hereafter, so low seasonality reflects the limited seasonal temperature variation in the tropics.
(b) Individual thermal niche
A common form of the observed relationship between body temperature and performance is described by the temperature that maximizes performance (T o ), the evenness of performance at different temperatures, the minimum (CT min ) and the maximum (CT max ) temperatures that permit performance [37] . Following this convention, I assume an individual's performance under different temperatures follows a beta distribution because beta distribution is bounded and accommodates various kurtosis and skewness. The beta distribution is modified to peak at T o and be bounded between CT min and CT max , so that an individual's performance under temperature T is
ð2:1Þ
where a and b determine the shape of the distribution, with more even performance across temperatures as a and b decrease, and T o closer to CT min when a , b, and vice versa. In terms of individual thermal niche, the two populationlevel processes that could limit niche breadth differ in whether trade-offs are involved. So, to account for tradeoffs, I divide the beta distribution by its integral to keep the total performance over all temperatures constant. Individual thermal niche is then described by four traits: a, b, CT min and CT max . To remove trade-offs, I discretize the beta distribution into 18C temperature intervals and make performance at each interval independent from each other. Individual thermal niche is then described by values of performance at each interval. A beta distribution is fitted to the resulting individual thermal niche in order to compare the results under the two processes.
(c) Population expansion
Based on Case & Taper [38] , the rate of change in population density n(x, t) at elevation x at time t is approximated by a diffusion process:
where D is the rate of random movement of individuals across elevations. wðx, tÞ is the average Malthusian fitness of individuals occurring at elevation x at time t. Denoting individual thermal niche as a vector of traits z and assuming variation in z at an elevation follows a multivariate normal distribution f n with phenotypic variance V P , w is then the integral of individual fitness over f n , where individual fitness w ¼ Rð1 À n=CÞ þ ln[ p(T)] is determined by an individual's performance under temperature T and density-dependent population growth with constant growth rate (R) and carrying capacity (C ) across elevations.
(d) Evolution of individual thermal niche
Traits related to niche evolution are often modelled as quantitative traits [26, 29] and several QTLs with small effects on thermal tolerance have been identified in various organisms [39] . So here I use quantitative genetics [40] to model changes in the mean ( z) and the additive genetic variance (V A ) in thermal niches of individuals occurring at elevation x at time t:
wzf n dz À wz , ð2:3Þ
where V A /V P gives the heritability of the thermal niche, with V P ¼ V A þ V E and V E , the environmental variance, assumed to be constant across elevations and over time; V A /2n accounts for change in variance due to genetic drift and V m accounts for change in variance due to mutation.
(e) Evolution of reproductive incompatibility
Low seasonality may promote speciation along elevations by reducing gene flow across elevations and by promoting adaptations to different temperature stratifications if genes underlying thermal tolerance have pleiotropic effects on reproductive incompatibility. To quantify these two impacts, I use two simple genetic scenarios of reproductive incompatibility. Both scenarios involve two loci whose double mutant homozygote aaBB causes hybrid dysfunction (the Dobzhansky-Muller model) [41] [42] [43] [44] . In one scenario (non-pleiotropic), genotypes have no effect on the thermal tolerance of the carriers, so the impact of low seasonality on speciation by reducing gene flow can be quantified by the correlation in haplotype frequencies across elevations. In the second scenario (pleiotropic), carriers of the mutant allele a can tolerate temperatures 0.58C higher than carriers with the wild-type allele A; carriers of the mutant allele B can tolerate temperatures 0.58C lower than carriers with the wild-type allele b. These pleiotropic effects cancel out in carriers of mutant alleles in both loci. The impact of low seasonality on speciation by promoting niche divergence can be quantified by the elevational clines in the mean haplotype frequencies.
(f ) Haplotype frequencies over space and time I develop a moment approximation approach to model changes in haplotype distribution along elevations for the two epistatic loci, based on the work by Nagylaki [45] on a single locus. The basic idea is to use diffusion equations (e.g. equations (2.2)2(2.4)) to approximate clines in the central moments of the haplotype frequency spectrums. For example, changes in the second central moment M in frequencies of haplotype 1 at elevation x and haplotype 2 at elevation y at time t are where the last term approximates the local change in the moment due to selection, mutation and genetic drift, by neglecting higher moments (see the electronic supplementary materials). In this study, I use the first two central moments (mean and variance-covariance), but higher moments can be calculated using the same algorithm to increase approximation accuracy. Including higher moments also allows fitting more complex probability distribution to approximate the likelihood of an observed haplotype distribution given a model of speciation. For the aim of the present study, I use the two central moments to calculate the expected degree of reproductive incompatibility between individuals from different elevations; that is, the average probability that two randomly selected haplotypes from different elevations are incompatible with each other (see the electronic supplementary materials).
(g) Numerical approximation and initial values
Solutions to all the above differential equations are numerically approximated using the finite difference method [46] with D ¼ 0. , table S1 . The model is run for 100 years to investigate the impact of temperature seasonality on individual and species thermal niches, and run for 1000 years to investigate the impact of temperature seasonality on gradient speciation. The use of beta distribution takes too much computational time to finish 1000 years, so it is replaced by a normal distribution. The use of normal distribution generates the same general patterns in individual and species thermal niches (electronic supplementary material, figure S6 ).
Results and discussion
To interpret model results in terms of possible processes underlying Janzen's hypothesis, I will first discuss what patterns a process needs to generate, in order to theoretically support Janzen's hypothesis. Then, I will summarize the model results for each of the processes listed in the Introduction that could influence the evolution of individual and species thermal niches. I then discuss which of these processes provide theoretical support for Janzen's hypothesis. Last, I will discuss how temperature seasonality influences gradient speciation, regardless of Janzen's hypothesis.
(a) What process underlies Janzen's hypothesis?
Janzen's hypothesis consists of an assumption that lowtemperature seasonality limits thermal niche breadth, and a prediction that narrow thermal niche breadth reduces effective dispersal across elevations. What process can provide sufficient theoretical support for Janzen's hypothesis depends on whether Janzen's hypothesis concerns individual or species thermal niches. If it concerns species thermal niches, then the underlying process needs to be able to drive the evolution of narrow species thermal niche under lowtemperature seasonality and if the prediction on reduced effective dispersal is valid, the process should directly lead to narrow elevational distribution range of the species. If Janzen's hypothesis concerns individual thermal niche, the underlying process needs to be able to drive the evolution of narrow individual thermal niche under low-temperature seasonality. To make the prediction on reduced effective dispersal valid, either the process also leads to narrow species thermal niche and narrow elevational distribution of the species under low-temperature seasonality, or the process promotes niche divergence between individuals at different elevations under low-temperature seasonality, so that even if species thermal niche is wide, individuals from one elevation still have low fitness at other elevations within the species distribution.
(b) Processes for the evolution of narrow individual thermal niches under low-temperature seasonality
Trade-offs and the demography of selection are widely suggested to be able to limit individual niche breadths [24 -29] . Model results show that, under the demography of selection, individual and species thermal niche breadths have consistent responses to seasonality, with both narrower under low seasonality than under high seasonality (figure 1a versus 1b,c). Under trade-offs, individual and species niche breadths are nearly indistinguishable except when species initially have wide niche breadth, species niche breadth is wider and individual niche breadth decreases particularly at mid elevations under low seasonality (figure 1d versus 1e). In terms of elevational range, neither process leads to narrow elevational distribution under low seasonality: species that initially have wide niche breadths tend to have wider elevational distributions under low seasonality than under high seasonality (electronic supplementary material, figure S1a,d versus S1b,e). In terms of niche overlap between individuals, the demography of selection leads to individuals at different elevations differing less in their CT min , CT max (electronic supplementary material, figure The results suggest contrasting effects of trade-offs and the demography of selection on individual thermal niches versus species thermal niches. Both processes result in narrow individual thermal niches under low seasonality. The demography of selection also results in narrower species thermal niches and more similar individual thermal niches under low seasonality than high seasonality. By contrast, the involvement of trade-offs does not necessarily result in narrow species thermal niches under low seasonality, but species with wider thermal niches show more different individual thermal niches. Given these contrasting effects, one should always distinguish a species thermal rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160349 niche from an individual thermal niche in the empirical observations. In particular, if Janzen's hypothesis concerns the individual thermal niche, then observations on the species thermal niche do not provide very useful data to test against the hypothesis. Quintero & Wiens [14] conducted the only study so far on the large-scale patterns in both species and individual thermal niches. They found that species with wider thermal niches tend to show greater thermal divergence between individuals from different localities, and the degree of thermal divergence does not correlate with latitude. These results are consistent with the effects of trade-offs on the evolution of thermal niches, as summarized above.
Do trade-offs and/or the demography of selection provide theoretical support for Janzen's hypothesis? Model results suggest that the demography of selection can drive the evolution of both narrow species thermal niches and narrow individual thermal niches under low-temperature seasonality. This is consistent with the general conclusion made by previous studies that the demography of selection can retain niche evolution, particularly under temporally stable environments [29, 47] . While previous studies focus on discrete habitats, this study extends the general conclusion to niche evolution along continuous environmental gradients. With respect to Janzen's hypothesis, the demography of selection does not provide sufficient support, because it does not result in narrow elevational distribution or more diverged individual thermal niches under low-temperature seasonality.
Trade-offs have been generally accepted as an effective limit on niche breadths [25, 48] , particularly under constant environmental conditions [26] . This study suggests a new insight that trade-offs could also promote niche divergence among individuals during population expansion along elevational gradients: individuals at low elevation have increasing CT max , CT min and T o , while individuals at high elevation have decreasing CT max , CT min and T o over time (electronic supplementary material, figure S2e and S3e). Niche divergence occurs when individuals initially tolerate a wider range of temperatures than the amplitude of temperature seasonality. Under this condition, variation in individual fitness at an elevation is largely due to variation in the temperature that maximizes performance (T o ) rather than variation in CT max and CT min that otherwise limits niche evolution and population expansion. So individuals are able to colonize different elevations by shifting T o (electronic supplementary material, figure S3e) and increasing performance at T o at the cost of decrease in individual niche breadth (figure 1e). The spatial variation in temperature exerts divergent selection to maintain variation in T o against the homogenizing effect of dispersal [31] , resulting in diverged individual thermal niches at different elevations. This provides a sufficient mechanism for Janzen's hypothesis, in terms of individual thermal niche.
(c) Processes for the evolution of narrow species thermal niches under low-temperature seasonality
As listed in the Introduction, Whitlock's prediction [30] and gradient speciation are the two lineage-level processes that could drive the evolution of narrow species thermal niches under low-temperature seasonality. Whitlock's prediction is based on the assumption that species with narrow niches will increase fitness faster than species with wide niches under constant environmental conditions. Results of this rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160349 study show that species with narrower thermal niche breadth indeed have faster increase in performance at T o under lowtemperature seasonality, but they do not have higher average fitness due to poor performance at extreme temperatures over a year (electronic supplementary material, figure S4 ). Therefore, Whitlock's prediction does not provide a process underlying Janzen's hypothesis. For gradient speciation along elevations, the involvement of trade-offs predicts niche divergence between individuals occurring at different elevations under low seasonality. This can reduce gene flow across elevations and so promote gradient speciation under low-temperature seasonality. I have modelled the speciation process to test if low seasonality can reduce gene flow across elevations to a degree that will substantially increase the probability of gradient speciation. This is done by estimating the correlation in frequencies of non-pleiotropic haplotypes across elevations; in other words, how much variation in haplotype frequencies at one elevation is due to variation in haplotype frequencies at another elevation. Correlation in haplotype frequencies has been widely used to estimate gene flow [49] . Faster decrease in the correlation in haplotype frequencies over distance suggests lower gene flow if divergent selection is not involved [50, 51] . Results show that the correlation in nonpleiotropic haplotype frequencies between the lowest elevation and the other elevations decreases faster along a mountain slope, and so there is lower gene flow across elevations under low seasonality than under high seasonality when the species initially have wide niche breadth ( figure 2a  versus 2b) . However, the reduced gene flow does not increase the expected frequency of incompatible haplotypes (electronic supplementary material, figure S5a versus S5b) and only slightly increases the degree of reproductive incompatibility between individuals from the lowest and highest elevations (figure 2a versus 2b).
(d) Low-temperature seasonality promotes gradient speciation as a pleiotropic effect of divergent selection on thermal tolerance
Low-temperature seasonality may promote gradient speciation by exerting more stable divergence selection on populations at low versus high elevations. To quantify this impact, I estimate the expected frequencies of pleiotropic haplotypes at different elevations. Haplotype ab can tolerate higher temperatures than the wild-type Ab. So haplotype ab is selected for at low elevations. If low-temperature seasonality promotes local adaptation, we expect haplotype ab to have a steeper decline in frequency from low elevation to high elevation under low seasonality than under high seasonality. Similarly, for haplotype AB, which tolerates lower temperatures than the wild-type, we expect it to have a steeper decline in frequency from high elevation to low elevation. Results under the pleiotropic scenario are consistent with the expectation (figure 2d versus 2e,f ). Under low seasonality, haplotype ab shows the typical genetic clines found in empirical cases of gradient speciation (figure 2e,f ) [52] .
Results for haplotype AB mirror the results for haplotype ab, so they are not plotted in figure 2 for the sake of clarity. Given that individuals with haplotype ab and haplotype AB can potentially generate inviable offspring, the degree of reproductive incompatibility between individuals from low and high elevations is substantially increased under low-temperature seasonality ( figure 2d versus 2e,f) . This increase is not due to the reduction in gene flow because the Figure 2 . Impact of temperature seasonality on the frequencies of haplotype ab along the mountain slope under (a-c) the non-pleiotropic scenario and (d -f ) the pleiotropic scenario. Each line in plots a-c shows the decrease in correlation in haplotype frequencies between the lowest elevation and an elevation whose distance from the lowest elevation corresponds to the value on the x-axis. Each line in plots d-f shows the decrease in expected haplotype frequency, as one moves uphill where haplotype ab becomes less fit under the pleiotropic scenario. In each plot, the number of time steps between two lines is 100 years and the arrow shows the direction of change over time. The degree of reproductive incompatibility between individuals from the lowest and highest elevations is shown on the top of each plot, with higher value indicating higher reproductive incompatibility. Note that these values are underestimated because higher moments are neglected.
rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160349 degree of reproductive incompatibility is also increased under narrow niche and low seasonality, where gene flow is not reduced ( figure 2a versus 2c) . These results suggest that the driving force of gradient speciation under low-temperature seasonality is not the reduction in gene flow, but the pleiotropic effects of more stable divergent selection on thermal tolerance at different elevations. So, higher speciation rate under low-temperature seasonality is not a corollary of Janzen's hypothesis. Instead, if there is pleiotropy between thermal tolerance and reproductive incompatibility, low-temperature seasonality promotes gradient speciation, where both species thermal niche and elevational distribution range of a species are split into two. This provides a mechanism for Janzen's hypothesis in terms of species thermal niche.
But how often do we observe pleiotropy between thermal tolerance and reproductive incompatibility? One obvious example is the association between thermal tolerance and phenological shift [53, 54] that leads to temporal reproductive isolation [55] . In theory, the pleiotropic effects on assortative mating open up the conditions under which we can expect multimodal distribution of a quantitative character along an environmental gradient [32] [33] [34] [35] 56] . The multimodal distribution indicates the occurrences of niche partition and possibly gradient speciation, but it has been suggested to be unstable against changes in the phenotypic fitness landscape [57] . This study proposes a way to account for the evolution of genetic incompatibility in these previous theoretical studies. So we can access whether incompatible genes can be fixed in different phenotypic clusters before the multimodal distribution becomes unstable against perturbations such as climatic change.
There are two other possible cases suggesting pleiotropy between thermal tolerance and genetic incompatibility. One case is heat-induced male sterility observed in Drosophila, which is largely determined by Y-linked genetic variation [58, 59] . Y-linked genes have epistatic interactions with autosomal and X-linked genes through regulation of gene expression in males [60, 61] . So it is possible that some Y-linked genes regulate both thermal tolerance and male reproductive phenotypes. The other case is the epistatic interactions between mitochondrial and nuclear genes that underlie energy metabolism [62, 63] . Since these gene products are often related to thermal tolerance, such as the heat shock proteins [64] , they could have pleiotropic effects on thermal tolerance and mitochondrial -nuclear incompatibility. From these cases, one may have a candidate gene in mind. One can then identify genes incompatible to the candidate gene using the moment approximation approach proposed in this study to infer the likelihood of observing a haplotype distribution of the incompatible genes.
(e) Summary
This study explores the theoretical underpinnings of Janzen's hypothesis. Trade-offs in thermal tolerances seem to be the only process supporting Janzen's hypothesis in terms of individual thermal niches. Gradient speciation provides a mechanism for Janzen's hypothesis in terms of species thermal niches. However, gradient speciation is not promoted by reduced gene flow, but by the pleiotropic effects of more stable divergent selection of thermal tolerance on the evolution of reproductive incompatibility. This suggests higher speciation rate under low-temperature seasonality is not a corollary of Janzen's hypothesis. The modelling approach developed in this study can be used to investigate the pleiotropy between thermal tolerance and reproductive incompatibility in more detail.
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